T he peritoneal cavity is a unique compartment from which infections can easily spread to adjacent organs, such as the intestine and liver. The peritoneal cavity readily communicates with the systemic blood circulation through the omental milky spot, which is a lymphoid tissue embedded in omental fat (1) . The peritoneal cavity harbors many immune cells, including macrophages, mast cells, T cells, and B cells. Moreover, the peritoneal cavity is a resource-rich niche for the survival of B-1 cells, which constitutively secrete natural Abs (2) . Whereas peritoneal B-2 cells have been reported to have B-1 cell-like characteristics compared with splenic or lymph node B-2 cells (3), little attention has been given to peritoneal T cells. Furthermore, there are only a few reports that describe CD4 + T cells providing help to B-1 cells (4) .
Beyond the conventional helper functions for B cells and CD8
+ T cells, memory CD4 + T cells exert potent inflammatory actions; furthermore, these actions are independent from their TCR specificities (5, 6) . In neonates, innate CD4 + T cells are believed to substitute for this function of memory CD4 + T cells. Innate T cells are usually defined as memory phenotype (MP) T cells that are generated within the thymus, such as invariant NKT (iNKT) cells (7) . Although memory CD4 + T cells are traditionally divided into central memory CD62L
high CCR7 + CD4 + T cells and effector memory CD62L low CCR7 2 CD4 + T cells (8) , memory CD4 + T cells were recently shown to be more heterogeneous with respect to their migratory and functional properties than was previously thought (9, 10) . Notably, distinct memory CD4 + T cell populations such as tissue-resident memory and bone marrowresident memory CD4 + T cells have been described, which suggests complicated pathways of memory T cell development and maintenance (11, 12) . + T cells, in the absence of specific priming events and in a manner distinct from the generation of bona fide Ag-experienced CD44 int CD122
2 memory CD8 + T cells, has been reported (13, 14) . Several reports have also noted the presence of nonconventional MP CD4 + T cells; however, the functional significance of these cells is still unclear (15) (16) (17) . In this study, we report the spontaneous generation of MHC class IIdependent MP CD4 + T cells. These MP CD4 + T cells accumulated rapidly in the peritoneal cavity during early development, maintained a persistent population even after neonatal thymectomy, and were able to enhance the Ab secretion by B-1a cells.
Materials and Methods
Mice, irradiation, and neonatal thymectomy 
Flow cytometric analysis and cell sorting
Peritoneal cells were isolated by flushing the peritoneal cavity with PBS. Single-cell suspensions were prepared from the spleen, bone marrow, thymus, inguinal lymph nodes, and blood through mechanical disruption and passage of the homogenate through a nylon membrane. Cells were stained on ice for 15 min with the appropriate combinations of fluorochrome-conjugated Abs in FACS buffer (5% BCS and 0.05% sodium azide in PBS). After washing with FACS buffer, the stained cells were analyzed on a FACSCanto II system (BD Biosciences). Data were analyzed using FlowJo software (Tree Star, San Carlos, CA). In all cases, doublets (based on forward scatter [FSC]-area versus FSC-height gating) were excluded, except as indicated in Fig. 1 .
For in vitro studies and cell transfer experiments, cells were sorted using a FACSAriaIII (BD Biosciences) system. Peritoneal CD49d high CD4 + or CD49d low CD4 + T cells, or splenic CD49d low CD4 + T cells were sorted after staining with anti-CD4 and anti-CD49d Abs. Peritoneal B-1a cells were sorted after staining with anti-CD19, anti-CD5, and anti-CD11b Abs. The purities of the sorted cell populations were routinely ‡99%.
For intracellular cytokine staining, cells were suspended in serum-free RPMI 1640 medium supplemented with 25 mM sodium bicarbonate, 2 mM glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin, and 10 mM HEPES (all from Invitrogen Life Technologies, Carlsbad, CA) and then stimulated with 50 ng/ml PMA (Sigma-Aldrich, St. Louis, MO) and 1.5 mM ionomycin (Sigma-Aldrich) for 4 h. Brefeldin A (Sigma-Aldrich) was added (10 mg/ml) during the last 3 h of stimulation. Cells were stained with anti-CD4 and anti-CD49d Abs, fixed with 2% paraformaldehyde in PBS, permeabilized with 0.1% BSA/0.05% Triton X-100 in PBS, and stained with Abs against IFN-g, IL-2, IL-4, IL-5, IL-10, IL-13, TGF-b, or TNF-a.
Immunofluorescence microscopy
Sorted peritoneal CD19 + CD4
+ conjugated cells were cytocentrifuged at 400 3 g for 5 min onto Silane-coated glass slides and air dried. Coverslips were mounted on slides, and immunofluorescence images were obtained with a Zeiss Axioplan photomicroscope and Zeiss LSM510 (Zeiss, Hamburg, Germany). Images were processed using a Workstation using Program.
CFSE proliferation assay
Cellular proliferation was measured using the CFSE dilution technique coupled with flow cytometric analysis. Briefly, sorted peritoneal or splenic CD4 + T cell subsets were labeled with 10 mM CFSE (Molecular Probes, Eugene, OR) for 10 min at 37˚C, activated with 0.5 mg/ml plate-bound CD3-specific mAb (BD Biosciences) and 2 mg/ml soluble anti-CD28 mAb (BD Biosciences) for 72 h in 96-well flat-bottom plates at a concentration of 1 3 10 5 cells/well, and analyzed using a FACSCanto II platform.
CD27 surface expression assay, phosphatidylserine exposure assay, and in vivo administration of NAD + Cells treated with 100 mM ATP (Sigma-Aldrich) were stained with Abs against CD4, CD49d, and CD27. Stained cells were then analyzed using a FACSCanto II platform to determine the levels of CD27 expression on various CD4 + T cell subsets. For the phosphatidylserine exposure assay, cells were treated with either 10 mM NAD + (Sigma-Aldrich) or 200 mM ATP (Sigma-Aldrich). The proportion of apoptotic cells was then quantified using a FITC Annexin-V Apoptosis Detection Kit (BD Biosciences).
To 
In vitro generation of Th1 and T FH cells
Sorted naive CD4 + CD44 low T cells from the spleen of Cd1d 2/2 mice (5 3 10 5 cell/well) were primed with plate-bound 5 mg/ml anti-CD3 (BD Biosciences) and 2.5 mg/ml anti-CD28 (BD Biosciences) for 3 d. For Th1 cell polarization, cells were stimulated in the presence of 10 mg/ml anti-IL-4 neutralizing Ab (BioLegend) and 10 ng/ml IL-12 (ProSpec, East Brunswick, NJ). For T FH cell polarization, cells were stimulated in the presence of 10 mg/ml anti-IFN-g neutralizing Ab (BioLegend), 10 mg/ml anti-IL-4 neutralizing Ab (BioLegend), and 5 ng/ml IL-6 (ProSpec). At day 5, the cells were washed with PBS and used for qRT-PCR analysis.
Transwell chemotaxis assay
Transmigration assays were performed using the Transwell system. Briefly, 0.5-1 3 10 6 peritoneal CD49d + T cells sorted from Cd1d 2/2 mice were loaded into the upper chamber of a Transwell device (5 mM pore size; Corning Costar, Cambridge, MA). The lower wells were filled with either 600 ml medium alone, or 600 ml 100 ng/ml CXCL9 (BioLegend), CXCL10 (eBioscience), or CXCL13 (BioLegend) in medium. The total numbers of cells that had migrated into the lower chambers after a 2-h incubation were then determined by flow cytometry.
ELISAs
The serum and cell culture levels of total IgM, IgG1, IgG2a, and IgG3 Igs were determined by ELISAs. 
Statistical analysis
Student's t test (unpaired) and one-way or two-way ANOVA tests were used to assess the statistical significance of differences between groups. The p values ,0.05 were considered to be statistically significant for all tests. Histograms were plotted using GraphPad Prism 4.0 (GraphPad Software, San Diego, CA).
Results

Conjugate formation between CD4
+ T and B-1a cells in the peritoneal cavity
To identify the population of follicular Th (T FH )-like cells that support B-1 cell-mediated production of natural Abs, we first looked for peritoneal CXCR5 + CD4
+ T cells (Fig. 1A ). There were a substantial number of CXCR5 + CD4
+ T cells in the peritoneal cavity, but not in the spleen (Supplemental Fig. 1A ), but most of them were shown to be conjugates of CD4 + T cells and B cells, as revealed by both FSC-height versus FSC-area plots and their expression of both BCRs and TCRs (Fig. 1B) . Despite a large individual variation, ∼3∼6% of peritoneal CD4 + T cells were in doublets with B cells, and the proportions of B-CD4 + T cell doublets among total CD4 + T cells were consistently higher in the peritoneal cavity than those in the spleen of the naive mice, which were ∼1∼4% (Supplemental Fig. 1B) . Next, the peritoneal B-CD4 + T cell conjugates were sorted and observed by immunofluorescence microscopy, which were imaged as closely apposed B and CD4 + T cells as doublets or triplets with the clustering of CD19 in the contact area (Fig. 1C) . Then, sorted conjugates were separated and reanalyzed by flow cytometry. The conjugates were shown to be composed mainly of CD5 + B-1a-CD4 + T cell conjugates, because the separated B cells expressed both CD5 and CD11b as compared with singlet B cells (Fig. 1D ). The ratio of CD4 + T cells to B-1a cells was estimated to be ∼1:2, suggesting that many conjugates were multiplets composed of single CD4 + T cell and a few B cells. These findings imply that peritoneal CD4 + T cells may provide helper functions for B-1a cells.
Abundance of effector memory phenotype CD49d high CD4
+ T cells in the peritoneal cavity
Because we thought that unconjugated peritoneal CD4 + T cells could be memory/effector CD4 + T cells capable of providing B-1a cell help before conjugation, the expression levels of memory/effector T cell markers were investigated in the peritoneal CD4 + T cells. To our surprise, about half of the unconjugated peritoneal CD4 + T cells expressed a high level of CD49d (a 4 integrin) ( Fig. 2A) . The proportion of CD49d high CD4
+ T cells was especially high in the peritoneal cavity, but not in other lymphoid tissues (Fig. 2C) + T cells with respect to cell surface marker profiles and cytokine secretion, as described below (Fig. 3, Supplemental  Fig. 3A, 3B ). Bone marrow CD4 + T cells exhibited only a single peak of CD49d expression, rather than a bimodal expression pattern (data not shown). This abundant peritoneal CD49d high CD4
+ T cell population was also detected in BALB/c mice (data not shown). The peritoneal CD49d high CD4
+ T cells constituted ∼40% of all CD4 + T cells conjugated to B cells (Fig. 1D) . Because peritoneal CD49d high CD4 + T cells were present in CD1d-deficient mice, these cells are not NKT cells (Fig. 2A) . Furthermore, the proportion of peritoneal CD4 + T cells conjugated to B cells was ∼5∼6% of total CD4 + T cells in the CD1d-deficient mice, similar to that in WT mice (Supplemental Fig. 1B T cells were found to be absent in BALB/c nude mice, which lack thymuses, and also in mice deficient in promoter IV of the MHC CIITA, which lack MHC class II expression on their cortical thymic epithelial cells (Fig. 4B) . Furthermore, the development of peritoneal CD49d high CD4
+ T cells was independent of the expression of SLAMassociated protein (SAP), as these cells persisted in SAP-deficient mice that were known to be deficient in NKT cells (18 + T cells (Fig. 4B) . We reasoned that if peritoneal CD49d high CD4
+ T cells develop spontaneously as MP cells, they might exhibit stem cell-like features (19) . To test this hypothesis, we investigated the occurrence of peritoneal CD49d high CD4
+ T cells in 4-wk-old mice that had undergone thymectomy at 3 d of age (Fig. 4C) mice that had undergone neonatal thymectomy, whereas peritoneal CD49d low CD4 + T cells were almost completely absent (Fig. 4C ). This finding is in contrast to the previous observation that NKT cells were abolished by the neonatal thymectomy (20) . These selfrenewing peritoneal CD49d high CD4 + T cells could consistently produce Th1 cytokines upon stimulation with PMA and ionomycin (Fig. 4D) + T cells might be susceptible to extracellular ATP or NAD + generated during in vitro cell preparation (21) . Upon adding 100 mM ATP for 15 min in a shortterm culture, we observed significantly greater downregulation of CD27 in the peritoneal CD49d (Fig. 6C) T cells, as measured after a whole-body 12 Gy g-irradiation (Fig. 6C) . Interestingly, peritoneal CD49d high CD4
+ T cells proliferated more slowly upon stimulation with anti-CD3 and anti-CD28 + T cells might be innate-like T cells similarly to iNKT cells, which secrete IFN-g in response to IL-12 stimulation in a manner independent of their TCR specificity (23) . We tested whether peritoneal CD49d high CD4 + T cells also secreted IFN-g upon IL-12 stimulation, and found that they did produce IFN-g upon IL-12 stimulation, whereas peritoneal and splenic CD49d low CD4 + T cells did not (Fig. 7A ). This result suggests that peritoneal CD49d high CD4 + T cells also possess an innate proinflammatory function.
We next performed qRT-PCR analysis to quantify the expression levels of critical genes related to Th1 and T FH cells (Fig. 7B) . Significantly higher expression levels of Cxcr5, Il21, Batf (basic leucine zipper transcription factor, activating transcription factor-like), Tbx21 (T-bet), and Prdm1 (Blimp-1) were observed in the peritoneal CD49d (Fig. 2D) . Meanwhile, more than half of peritoneal CD49d high CD4 + T cells migrated toward CXCL9 or CXCL10, the ligands for CXCR3 (Fig. 7D) Fig. 4 ), which may be associated with the acquisition of the memory phenotype during the homeostatic proliferation of CD4 + T cells.
We interpreted that the peritoneal CD49d high CD4 + T cells in the lymphocyte-replete mice had much stronger B-1a cell-supporting activity than other subsets of CD4 + T cells. To further estimate the role of the peritoneal CD49d high CD4 + T cells in the production of natural IgM Ab, we repeatedly injected the Cd1d 2/2 mice i.p. with NAD + at 3-d intervals for 15 d to deplete peritoneal CD49d high CD4 + T cells completely and measured the serum levels of Igs. Whereas the serum levels of IgG1, IgG2a, and IgG3 were not different before and after the NAD + injections, the serum IgM levels were significantly decreased upon the NAD + injections (Fig. 8D) . Collectively, these data suggest that peritoneal CD49d 
Discussion
Depending on the nature of the specific pathogens that they encounter, naive CD4 + T cells adopt different programs of cytokine production (27) . In contrast to other types of polarization, differentiation into T FH cells is independent of Th1, Th2, Th17, and regulatory T cell differentiation programs, as T FH cells with features of other polarized T cells have been recognized (28, 29) . In particular, considerable flexibility between Th1 and T FH cells has been reported; namely, Th1 cells have been demonstrated to increase their B cell lymphoma 6 (Bcl-6)/T-bet ratio under limiting IL-2 conditions to become T FH -like cells (30) . In this study, we dem- adopt some of the early T FH differentiation program in the peritoneal milieu. T FH cells are a specialized subset of CD4 + T lymphocytes that mediate B cell class switching recombination and affinity maturation in the germinal center during Ab responses (31) . T FH cells were originally described as CD4 + T cells that localize to the germinal center via the expression of CXCR5 (32, 33) ; however, it was later shown that most activated CD4 + T cells upregulate CXCR5, with only a small fraction of these cells remaining as T FH cells and exhibiting high expression of 34) . We thought that most of the singlet CXCR5 + CD4 + T cells were activated CD4 + T cells in the peritoneal environment, but not T FH cells (Fig. 1A) . T FH cell differentiation requires the interaction of activated CD4 + T cells with dendritic cells and B cells to drive the upregulation of . Fully polarized T FH cells, also referred to as germinal center T FH cells, provide specific help for the selection of high-affinity B cells; however, pre-T FH cells, which can be defined as all predecessors of T FH cells, also support Ab production by B cells, especially outside the germinal center (26) . In this regard, it was remarkable that the extrafollicular Th cells in MRL lpr autoimmune mice were shown to enhance B cell IgG production through IL-21 and ICOS (35 + T cells do not provide all aspects of B cell help, but some of the distinct functions such as proliferation, survival, plasma cell differentiation, and adhesion (39). + T cells may develop could be homeostatic proliferation. For example, IL-7-independent rapid proliferation, referred to as endogenous proliferation, has been shown to generate memory/effector phenotype T cells in lymphopenic situations (49) . Because newborns are in a physiological lymphopenic status, homeostatic proliferation may be one mechanism by which innate-like T cells are generated. Peritoneal CD49d high CD4
+ T cells showed self-renewing properties after neonatal thymectomy. However, upon in vitro stimulation, peritoneal CD49d high CD4
+ T cells responded with rapid secretion of cytokines rather than proliferation. We hypothesize that they may proliferate in a homeostatic manner similarly to NKT cells (50) . Their high expression of IL-15Ra (CD127) may suggest that they also sustain their population by IL-15. Peritoneal CD49d high CD4 + T cells were radioresistant, yet susceptible to P2X 7 -mediated cell death. Interestingly, these two characteristics have also been reported in memory T cells (51, 52) . We postulate that these potentially dangerous peritoneal CD49d high CD4
+ T cells and NKT cells may be negatively regulated by extracellular ATP or NAD + , which can be generated under inflammatory conditions (53) . We also showed that peritoneal CD49d high CD4 + T cells exert an inflammatory function that is not dependent on the TCR. In particular, peritoneal CD49d high CD4 + T cells secreted IFN-g upon stimulation with IL-12. IL-12 is produced by activated macrophages and plays a pivotal role in the initiation of the inflammatory response and the establishment of protective Th1 responses (54) . This inflammatory function is one of the most important functions of memory CD4 + T cells and NKT cells (5, 23, 55) . Therefore, peritoneal CD49d high CD4
+ T cells appear to participate in the local inflammatory process by providing IFN-g and to regulate the inflammatory program via Th1 polarization (56, 57) .
Our data showed that a population of innate-like CD49d + T cells may be necessary for the early activation of the T cell compartment and B-1a cells upon acute pathogenic events requiring a diverse TCR repertoire, whereas innate T cells with canonical TCRs respond to designated Ags.
